Introduction
Angiogenesis is an essential component of tumour progression and is regulated by a number of hormones, cytokines, growth factors and low molecular mediators (1) . One of these molecules, vascular endothelial cell growth factor (VEGF), has a particularly important role. In the solid tumour microenvironment, it is conceivable that focal hypoxia functions as an essential trigger for pathological angiogenesis by the upregulation of VEGF gene expression (2) . The principal transcription factor that regulates VEGF expression is hypoxia inducible factor (HIF)-1α, which is stabilised and accumulates under hypoxic conditions as a result of decreased ubiquitination and degradation. HIF-1α dimerises with HIF-1β and translocates to the nucleus, where they bind to a hypoxia response element (HRE) on the VEGF gene and activate its transcription (3) .
On the other hand, hepatocyte growth factor (HGF) is one of the molecules that induces tumour angiogenesis (4) . HGF was identified originally as a potent hepatotrophic factor responsible for vigorous regeneration of the liver (5) . It is now recognised as a multipotent cytokine that mediates tumour-stromal interaction with mitogenic, motogenic and morphogenic activities (6, 7) . Moreover, HGF exerts potent angiogenic activity in vascular endothelial cells (8) . HGF is a natural ligand for the c-Met proto-oncogene product of receptor tyrosine kinase (7, 9) . In fact, HGF and c-Met are upregulated in a number of human cancers, such as colorectal, gastric, oesophageal, breast and lung cancers (10) (11) (12) of c-Met inversely correlates with the survival of patients with these types of cancer (13) (14) (15) . HGF̸c-Met signalling activates multiple signal transduction pathways, including phosphatidylinositol 3-kinase (PI3K)̸Akt, mitogen-activated protein kinase (MAPK) and signal transducer and activator of transcription 3 (STAT3) (16) (17) (18) . The synchronous activation of several signalling pathways is essential for the various biological abilities of HGF (7) . In terms of induced angiogenesis, HGF stimulates endothelial cells directly through the c-Met receptor and indirectly by facilitating the expression of other angiogenic factors, represented by VEGF (19, 20) . In the tumour-stromal interaction, HGF is mainly produced by stromal cells and acts on tumour cells (21, 22) . Therefore, we hypothesised that stroma-derived HGF induces VEGF expression in tumour cells, resulting in CT26 tumour angiogenesis.
We previously demonstrated that NK4, a competitive antagonist for HGF, potently suppressed murine CT26 tumour growth via inhibiting angiogenesis rather than HGF antagonism (23) . NK4 inhibits the angiogenic responses induced by VEGF and basic fibroblast growth factor (bFGF), as well as those of HGF (24) . However, the molecular mechanisms by which HGF̸c-Met signalling regulates VEGF expression in tumour cells in the hypoxic tumour environment are not yet completely understood. To provide further insight into the molecular mechanisms underlying the angiogenic effect induced by the cooperation between HGF and VEGF, we examined the effect of HGF with̸without anti-HGF antibody, NK4, or the inhibitors of kinases downstream of HGF̸c-Met signalling, on VEGF and HIF-1α expression in CT26 cells.
Materials and methods
Reagents. Recombinant mouse HGF and polyclonal anti-mouse HGF antibody were purchased from R&D Systems (Minneapolis, MN, USA). Human recombinant NK4 was purified from the conditioned medium of Chinese hamster ovary cells transfected with human NK4 cDNA (25) . The PI3K inhibitor, LY294002, and the MAPK inhibitor, PD98059, were purchased from Promega Corp. (Madison, WI, USA). The STAT3 inhibitor, Stattic (a non-peptidic small molecule shown to selectively inhibit the function of the STAT3 SH2 domain, resulting in the inhibition of STAT3 activation and dimerisation) was obtained from Calbiochem-Merck Co. (Darmstadt, Germany).
Cell lines and culture conditions. CT26 is an undifferentiated colon adenocarcinoma cell line originally derived from intrarectal injections of N-nitroso-N-methylethylamine in a female BALB̸c mouse. Cells were maintained in RPMI-1640 (Nacalai Tesque, Inc., Kyoto, Japan) supplemented with 100 IU̸ml penicillin, 100 µg̸ml streptomycin (Sigma, Welwyn Garden City, UK) and 10% heat-inactivated fetal bovine serum (FBS; JRH Biosciences, Inc., Lenexa, KS, USA) at 37˚C in a humidified atmosphere containing 5% CO 2 . Hypoxic condition (1% O 2 , 5% CO 2 , 94% N 2 ) was achieved using a Wakenyaku 9000E incubator (Wakenyaku Co., Ltd., Kyoto, Japan).
The genetic modification of CT26 to produce NK4 has been described previously (23) . The transfectant expressing the highest amount of NK4 was designated as CT26-NK4. Cells transfected with the neomycin-resistance gene (pSVneo) alone were used as the control (CT26-NEO).
Animal experiments. Female BALB̸c mice (8-10 weeks old) were purchased from the Shimizu Laboratory Animal Center (Kyoto, Japan). To generate tumours, 5x10 5 CT26-NEO or CT26-NK4 cells in 0.1 ml phosphate-buffered saline (PBS) were inoculated subcutaneously into syngeneic BALB̸c mice in the right lower flank (n=7 for each group). Considering the difference in tumour growth between CT26-NEO and CT26-NK4, the mice were sacrificed under general anaesthesia when the tumour diameter was 10 mm. After general perfusion of the mice with PBS, tumours were removed and homogenised by a sonic homogeniser. VEGF concentration in the homogenates was quantitatively analysed by ELISA (R&D Systems). The results were normalised to tumour weight. The animal experiment was approved by the Animal Ethics Committee of the Kyoto Prefectural University of Medicine and was carried out in accordance with the 'Guidelines for the welfare and use of animals in cancer research' (26) .
Determination of VEGF expression. The CT26-NEO and CT26-NK4 cells were plated in 24-well culture plates at 1x10 5 cells̸well in RPMI with 10% FBS. After an overnight incubation, the culture medium was replaced and the cells were incubated under serum-starved conditions (RPMI with 0.1% BSA) for 12 h, followed by treatment with 10 ng̸ml mouse recombinant HGF for 24 h under normoxic and hypoxic conditions. To examine the effect of HGF̸c-Met signalling, HGF with̸without 20 mg̸ml NK4 or 5 mg̸ml anti-HGF antibody were added. Moreover, to examine the activities of the respective kinase inhibitors, cultured cells were pre-treated with 50 mM PI3K inhibitor (LY294002), 20 mM MAPK inhibitor (PD98059), or 20 mM STAT3 inhibitor (Stattic) for 60 min prior to the addition of HGF. The culture supernatants were collected and VEGF concentrations were determined by ELISA.
Quantification of HIF-1α transcriptional activity. The DNA binding activity of HIF-1α was evaluated using the HIF-1α transcription factor assay kit (Cayman Chemical, Ann Arbor, MI, USA) according to the manufacturer's instructions. Cells were plated in 100-mm culture dishes and allowed to grow until subconfluent. Cells were starved for 12 h, pre-treated with the respective kinase inhibitors (50 mM LY294002, 20 mM PD098059 and 20 mM Stattic) and then treated with 10 ng̸ml HGF under normoxic and hypoxic conditions for 8 h.
Nuclear extracts were prepared and incubated in 96-well plates coated with immobilised double-stranded oligonucleotides containing the HIF-1α response element (5'-ACGTG-3'). The HIF-1α transcription factor complex was detected by the addition of a specific primary antibody directed against HIF-1α, visualised by an anti-IgG horseradish peroxidase (HRP)-conjugate and quantified by measuring the absorbance at 450 nm. The DNA binding activity of HIF-1α was expressed relative to the value of the control (CT26-NEO without HGF treatment under normoxic conditions). The experiments were repeated 2 or 3 times and similar results were obtained.
Western blot analysis. Aliquots of nuclear extracts (50 mg) were fractionated by 7% sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 5% non-fat dried milk in Tris-buffered saline containing 0.05% Tween-20, for 1 h at room temperature, followed by overnight incubation at 4˚C with anti-HIF-1α rabbit polyclonal antibody (NB100-497) (Novus Biologicals, Littleton, CO, USA) at a 1:500 dilution. HRP-conjugated goat anti-rabbit secondary antibody was used at a 1:2,000 dilution. The signal was developed with a chemiluminescence reagent (ECL plus; GE Healthcare, Piscataway, NJ, USA) and the band images were detected with Versa Doc-4000 (Bio-Rad Laboratories, Hercules, CA, USA).
Real-time reverse transcription-polymerase chain reaction (RT-PCR).
Subconfluent cells in 100-mm culture dishes were starved for 12 h and treated with̸without 10 ng̸ml mouse recombinant HGF for 6 h under normoxic and hypoxic conditions. To examine the activities of the respective kinase inhibitors, the cells were pre-treated with 50 mM LY294002, 20 mM PD98059, or 20 mM Stattic for 60 min before the addition of HGF.
Total RNA was isolated from the cultured cells using an acid guanidinium thiocyanate-phenol (AGTP) solution (Isogen; Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions. The PCR primers used were as follows: VEGF-A, 5'-CTGGATATGTTTGACTGCTGTGGA-3' (sense) and 5'-GTTTCTGGAAGTGAGCCAATGTG-3' (antisense); HIF-1α, 5'-AGCAGGAATTGGAACATTATTGCAG-3' (sense) and 5'-TGTGGTAATCCACTCTCATCCATTG-3' (antisense). For normalization, the 18S ribosomal protein was used as the housekeeping gene: Rps18, 5'-TTCTGGCCAACGGTCTAG ACAAC-3' (sense) and 5'-CCAGTGGTCTTGGTGTGCTGA-3' (antisense). Real-time RT-PCR was then performed using a LightCycler 1.5 (Roche, Basel, Switzerland) and SYBR-Green Ι (Qiagen, Inc., Valencia, CA). The RT-PCR protocol consisted of a 50˚C reverse transcription step for 20 min; a 95˚C PCR initial activation step for 15 min; followed by 40 cycles of a 94˚C denaturation for 15 sec, 60˚C annealing for 30 sec and 72˚C extension for 30 sec. In order to confirm specific amplification, the PCR products were subjected to melting curve analysis. The results from real-time RT-PCR analysis were normalised to Rps18 and expressed relative to the value of the control (CT26-NEO without HGF treatment under normoxic conditions). Relative expression levels were calculated using the ∆∆Ct method. Experiments were repeated 2 or 3 times and similar results were obtained.
Statistical analysis.
Statistical evaluation was performed with the two-tailed Student's t-test, unless mentioned otherwise in the text. Differences with P-values <0.05 were considered statistically significant.
Results

VEGF expression is reduced in homografts of CT26-NK4.
To confirm the hypothesis that the blockade of HGF̸c-Met signalling would reduce VEGF expression, resulting in antiangiogenesis, we first compared VEGF expression in vivo between CT26-NEO and CT26-NK4 subcutaneous tumours. CT26 transfectants were inoculated into mice and the VEGF concentrations in the homografts were determined. The VEGF concentration in the CT26-NK4 homografts, relative to the respective tumour weights, was significantly lower than that in the CT26-NEO homografts (CT26-NK4 2.1±0.5 pg̸mg, CT26-NEO 4.2±0.9 pg̸mg; P<0.01) (Fig. 1) .
Blockade of HGF̸c-Met signalling inhibits HGF-induced VEGF expression in CT26 cells.
We then investigated the effect of HGF on VEGF expression in vitro in CT26-NEO and CT26-NK4 cells under normoxic and hypoxic conditions. In our preliminary experiment, VEGF expression in both transfectants under hypoxic conditions was markedly higher than that under normoxic conditions (data not shown). As regards the effect of HGF, VEGF expression in the transfectants was increased in a HGF-dose-dependent manner. However, VEGF expression in response to HGF reached a plateau at 10 ng̸ml HGF in CT26-NEO and at 2.5 ng̸ml HGF in CT26-NK4 cells.
Under normoxic conditions, in CT26-NEO cells, VEGF expression was 1.6-fold higher under HGF (10 ng̸ml) stimulation, but was blocked by the addition of NK4 (20 mg̸ml) or anti-HGF antibody (5 mg̸ml). Under hypoxic conditions, in CT26-NEO cells, the baseline VEGF expression was significantly increased (by 2.4-fold), but a similar block was observed in the presence of HGF with̸without NK4 or anti-HGF antibody (Fig. 2a) . These results indicate that the alteration in VEGF expression in CT26 cells involves the HGF̸c-Met signalling pathway.
In CT26-NK4 cells, the baseline VEGF expression decreased and responded weakly to HGF under normoxic conditions. However, the expression level was lower than that of the control. Under hypoxic conditions, VEGF expression in CT26-NK4 cells significantly increased, but was also lower than that in CT26-NEO cells under hypoxic conditions (Fig. 2b) . These results indicate that VEGF expression in CT26 cells is regulated by HGF̸c-Met signalling. On the other hand, the exogenous expression of NK4 potently reduced VEGF expression in CT26 cells, even under hypoxic conditions. 
HGF regulates VEGF expression of CT26 cells via the PI3K̸Akt, MAPK and STAT3 pathways.
HGF̸c-Met binding activates several intracellular signalling pathways, including PI3K̸Akt, MAPK and STAT3 (4, 27) . Previously, we showed that the phosphorylation of PI3K, Akt, extracellular-signal-regulated kinase 1̸2 (ERK1̸2) and STAT3 in the CT26 transfectants activated by HGF was inhibited by the addition of anti-HGF antibody or NK4 (28) . In this study, we determined which of these pathways may be involved in regulating VEGF expression in CT26 cells, using kinase inhibitors of the PI3K/Akt, MAPK and STAT3 pathways. Under normoxic conditions, HGF-induced VEGF expression was suppressed to a level lower than that of the control by the respective kinase inhibitors. Under hypoxic conditions, VEGF expression, which was increased by HGF, was suppressed to a level almost equal to that of the control by the respective kinase inhibitors. These results suggest that in intracellular HGF̸c-Met signalling, the PI3K̸Akt, MAPK, STAT3 pathways are involved in the changes in VEGF expression induced by hypoxia (Fig. 3) .
HGF regulates HIF-1α protein synthesis and transcriptional activity in CT26 cells via the PI3K/Akt, MAPK and STAT3
pathways. HIF-1α is the main transcriptional factor of VEGF under hypoxic conditions (3). Therefore, we investigated the influence of intracellular HGF̸c-Met signalling pathways upon HIF-1α expression and HIF-1α transcriptional activity in the CT26 transfectants. In CT26-NEO cells, HIF-1α expression, which increased slightly in the presence of HGF under normoxic conditions, was stimulated significantly in response to hypoxia. The PI3K, MAPK and STAT3 inhibitors significantly, although incompletely, blocked HIF-1α expression under hypoxic, as well as normoxic conditions. HIF-1α transcriptional activity showed a similar trend under normoxic and hypoxic conditions (Fig. 4a) . In CT26-NK4 cells, HIF-1α expression and HIF-1α transcriptional activity only weakly responded to HGF (Fig. 4b) . It was not surprising that HIF-1α expression and HIF-1α transcriptional activity were upregulated by hypoxia; however, these results suggest a partial involvement of intracellular HGF̸c-Met signalling pathways in regulating HIF-1α expression and HIF-1α transcriptional activity.
HGF regulates VEGF mRNA in CT26 cells via the PI3K̸Akt, MAPK and STAT3 pathways.
Based on the result presented in the previous section, we investigated the influence of intracellular HGF̸c-Met signalling pathways upon VEGF and HIF-1α mRNA expression. In CT26-NEO cells, the VEGF mRNA expression level was increased by HGF and, in particular, under hypoxic conditions (by approximately 4-fold) in CT26-NEO cells. HGF induction of VEGF mRNA was prevented by the respective kinase inhibitors (Fig. 5a ). The effect of HGF on VEGF mRNA expression in CT26-NK4 cells was minimal. VEGF mRNA expression in CT26-NK4 cells was increased by hypoxia (by approximately 2-fold), but was lower than that in CT26-NEO cells under hypoxic conditions (Fig. 5b) . These results correspond to those obtained for HIF-1α expression and HIF-1α transcriptional activity.
HGF regulates HIF-1α mRNA in CT26 cells via the STAT3
pathway. The HIF-1α mRNA expression level under hypoxic conditions was equal to or less than the control CT26-NEO cells. Of note, HGF induction of HIF-1α mRNA was not inhibited by LY294002 or PD98059, but only by Stattic (Fig. 5c) . HGF consistently had no effect on CT26-NK4 cells and the effect of hypoxia was similar to that observed in CT26-NEO cells (Fig. 5d) . Taken together, the results of real-time PCR and the quantification of HIF-1α transcriptional activity demonstrated that the PI3K̸Akt and MAPK pathways regulate HIF-1α translation, whereas the STAT3 pathway regulates HIF-1α mRNA expression.
Discussion
In the present study, we demonstrate that the HGF̸c-Met signalling pathway regulates VEGF expression in CT26 tumour cells. VEGF, which is produced by various cancer cells, acts on endothelial cells and promotes tumour growth and angiogenesis (29) . Given that CT26 cells strongly express VEGF, it is hypothesised that VEGF participates in CT26 angiogenesis and subsequent tumour progression. We previously revealed that the production of tumour microvessels in CT26 tumours was significantly inhibited by NK4 gene transfer (23) . NK4 is a potent angiogenic inhibitor and its action is independent of HGF antagonism. In in vivo tumours in particular, HGF seems to be the predominant mechanism of angiogenesis (30, 31) . Kuba et al (24) reported that NK4 exerted a potent anti-angiogenic effect, not only by the blockade of HGF̸c-Met signalling, but also by the interruption of intracellular signalling of other growth factors, such as VEGF or bFGF. However, the mechanism we propose in this study is distinct from that previously reported. In our study, we focused on the alteration of VEGF expression in CT26-NK4 tumours. It has now become apparent that no single factor alone can induce structural and functional neovascularisation. HGF stimulates VEGF production in non-endothelial cells (32, 33) and increases the expression of VEGF receptors and c-Met in endothelial cells (19) . Sulpice et al (34) reported that cross-talk between VEGF and HGF signalling pathways promoted neovascularisation by enhancing intracellular signalling in endothelial cells. Therefore, we hypothesised that NK4 may contribute to the inhibition of tumour growth by decreasing VEGF expression through the HGF̸c-Met signalling pathway. Our hypothesis was then proven by the fact that VEGF expression in CT26-NK4 homografts was reduced as compared to the control homografts. In addition, this result was supported by the in vitro experiment under normoxic and hypoxic conditions.
The effect of hypoxia on malignant progression is mediated by a series of hypoxia-induced proteomic and genomic changes, activating angiogenesis, anaerobic metabolism and other processes that enable tumour cells to survive or escape their oxygen-deficient environment (35) . The transcription factor, HIF-1α, is a major regulator of tumour cell adaptation to hypoxic stress. Therefore, we assessed which intracellular signalling pathway may be involved in VEGF expression under hypoxic conditions, using the PI3K inhibitor, LY294002, the MAPK inhibitor, PD98059 and the STAT3 inhibitor, Stattic. Our data revealed that the respective kinase inhibitors suppressed the HGF induction of HIF-1α, subsequent HIF-1α transcriptional activity, VEGF mRNA expression, and VEGF expression, even under hypoxic conditions, indicating that HGF induces HIF-1α expression and subsequent processes to promote the expression of VEGF via PI3K, MAPK and STAT3 activation (Fig. 6) . However, our results demonstrated that the mechanisms involved are more complex. In this study, the HGF induction of HIF-1α mRNA was not inhibited by the PI3K and MAPK inhibitors, but only by the STAT3 inhibitor. Certain studies have reported that growth factors induce HIF-1-mediated VEGF expression, which is dependent on the MAPK and PI3K pathways (36, 37) . Therefore, the PI3K̸Akt and MAPK pathways regulate VEGF expression via HIF-1α translation. On the other hand, the ability of STAT3 to activate the VEGF gene as a direct transcriptional activator has previously been demonstrated (38, 39) . A recent study reported that STAT3 signalling also enhanced the transcriptional activation of the HIF-1α promoter and contributed to the upregulation of HIF-1α mRNA (40) . Our findings are consistent with these reports. Accordingly, we hypothesised, as shown in Fig. 6 , that STAT3 is required not only for the direct activation of the VEGF promoter, but also for HIF-1α-mediated VEGF expression. Therefore, the increase in HIF-1α mRNA expression induced by HGF was due to STAT3 activation. STAT3 has been reported to influence HIF-1α protein stability under hypoxic conditions (41) , in addition to HIF-1α protein synthesis induced by oncogenic growth signalling (42) . Such phenomena are also evident in our results. Taken together, these data indicate that HGF̸c-Met signalling promotes VEGF expression by a complex mechanism involving the PI3K̸Akt, MAPK and STAT3 pathways (Fig. 6) . Conversely, NK4 suppresses VEGF expression in CT26 tumour cells by inhibiting the activation of intracellular signalling pathways downstream of HGF̸c-Met.
In conclusion, the present study provides new and important information concerning the mechanisms by which NK4 exerts its anti-angiogenic effects. These mechanisms partly involve the suppression of VEGF expression in CT26 tumour cells by blocking the activation of the HGF̸c-Met signalling pathway. Furthermore, a detailed analysis of the involvement of intracellular HGF̸c-Met signalling in VEGF expression showed that the PI3K̸Akt and MAPK pathways regulated HIF-1α translational activity, whereas the STAT3 pathway regulated HIF-1α transcriptional activity and directly affected VEGF transcriptional activity. These data therefore suggest that HGF̸c-Met signalling may be a promising target for the future development of anti-angiogenic strategies to improve response rate and survival in cancer patients.
